Five NRT2 genes and three Nar2 genes, encoding putative high-affinity nitrate transporters, and the respective cDNAs were identified and characterized in Physcomitrella patens. The deduced moss NRT2 and NAR2 proteins were more similar to the corresponding proteins of higher plants than to those of the green alga Chlamydomonas reinhardtii. Expression of all the genes was inhibited by ammonium added to the medium. The regulation by ammonium was abolished by an inhibitor of glutamine synthetase, but the effect of this inhibitor was counteracted by an inhibitor of glutamate synthase. Negative correlation was observed between the glutamine content of protonemata and the transcript levels of PpNRT2 and PpNar2. These results indicated that glutamine is the signal for repression of the genes. All the genes except PpNRT2;5 showed transient expression stimulated by nitrate but not by nitrite, peaking at 2-4 h after the medium was deprived of ammonium. When the glutamine synthetase inhibitor was used to inhibit assimilation of the ammonium generated intracellularly from nitrate or nitrite, the second phase of activation of genes became manifest at $8 h after the medium was deprived of ammonium. Surprisingly, both nitrate and nitrite stimulated gene expression at this stage. PpNRT2;5 was distinct from the other genes in that its expression is sharply induced by nitrite, is strictly dependent on nitrite or nitrate, and is much less susceptible to the feedback regulation, retaining a constant level in nitratecontaining medium. These results indicated that P. patens has multiple mechanisms for sensing nitrate and nitrite.
Introduction
Nitrate is the major source of nitrogen for plants, fungi, cyanobacteria and numerous bacteria. For the uptake of nitrate against a concentration gradient and the membrane potential into the cell, these organisms have active nitrate transporters (NRTs). Once in the cell, nitrate is reduced to nitrite by nitrate reductase (NR). Nitrite is further reduced to ammonium by nitrite reductase (NiR) and the resulting ammonium is fixed as the amide nitrogen of glutamine by glutamine synthetase (GS). In plants, nitrate can be also transferred to vacuoles for storage, or to other cells or organs for assimilation and storage. The vacuolar accumulation of nitrate also involves the function of certain species of NRT (De Angeli et al. 2006) .
Three distinct NRTs involved in cellular nitrate uptake have been identified and characterized to date (Forde 2000 , Galva´n and Ferna´ndez 2001 , Moir and Wood 2001 , Orsel et al. 2002a ; the ABC-type NRT has been found in cyanobacteria (Omata 1995) and certain species of bacteria (Wu and Stewart 1998) , and is thought to be specific to prokaryotic organisms. NRT1, which has been found only in vascular plants, is a hydrophobic protein with 12 membrane-spanning helices and belongs to the peptide transporter family of the major facilitator superfamily (MFS) (Forde 2000, Galva´n and Ferna´ndez 2001) . The NRT1 proteins generally show low-affinity nitrate transport activity, but CHL1 (AtNRT1;1) has been shown to have both low-and high-affinity nitrate transport activities (Huang et al. 1996 , Wang et al. 1998 , Liu and Tsay 2003 . The 'NRT2' designation is used to represent another class of MFS nitrate transporter found in plants and algae, but similar nitrate transporters have also been identified in fungi (Unkles et al. 1991) , yeast (Pe´rez et al. 1997) , cyanobacteria (Sakamoto et al. 1999 ) and bacteria (Ha¨rtig et al. 1999 ). NRT2 and its homologs, including the nitrate-nitrite antiporter of Escherichia coli (NarK) (DeMoss and Hsu 1991) , comprise the nitrate-nitrite porter (NNP) family of the MFS (Pao et al. 1998 have a large hydrophilic C-terminal region and that they do not have a long hydrophilic amino acid segment between the sixth and seventh membrane-spanning helices (Forde 2000) . NRT2 also requires NAR2 for transport of the substrate , Galva´n et al. 1996 , Zhou et al. 2000 , Tong et al. 2005 , whereas the cyanobacterial, bacterial and fungal NRT2 family proteins do not require other proteins for their function (Galva´n and Ferna´ndez 2001) . NAR2 is a small membrane protein, which has been shown to interact with NRT2 (Orsel et al. 2006) . The NRT2 proteins are further classified into two subgroups, one having a conserved hydrophilic amino acid segment of $20 amino acids in the N-terminal region and the other lacking it (Forde 2000) . These structural differences are thought to reflect the difference in the function and/or regulation of the proteins, but no detailed information has been available.
Detailed information on the structure-function relationship of an NRT2 family protein (CRNA, also known as NRTA) has been obtained in the fungus Aspergillus nidulans, using the site-directed mutagenesis method (Unkles et al. 2004) . A similar approach is desirable for studies of the plant NRT2 proteins. We therefore started to use the moss Physcomitrella patens, which has the capacity for homologous recombination (Schaefer and Zry¨d 1997, Schaefer 2001) , for the studies on NRT2. The moss is conventionally grown on media containing both nitrate and ammonium, but it can use either of these as the sole source of nitrogen. The moss cells in an undifferentiated protonema stage provide a homogeneous culture (Cove et al. 1997) , which is suited for physiological studies on transcriptional regulation of the nitrate assimilation genes and for the assay of nitrate uptake activity. As the first step of studies in this line, we identified the NRT2 and Nar2 genes of P. patens in this study and investigated their transcriptional regulation in response to changes in the nitrogen conditions of the cell. Ammonium completely inhibited the expression of the genes via its assimilation to glutamine. Glutamine was shown to play a key role in the gene repression. Under the conditions where the negative feedback through ammonium assimilation is abolished, nitrate and nitrite were found to play distinct roles in activation of the nitrate transport genes.
Results

Characteristics of the NRT2 and Nar2 genes
Five NRT2 genes (PpNRT2;1-PpNRT2;5) and three Nar2 genes (PpNar2;1-PpNar2;3), encoding putative high-affinity nitrate transporters, were identified and the respective cDNAs were cloned (Fig. 1A, Table 1 ). Each NRT2 gene had three introns within the coding region, the insertion sites of which were conserved among the five genes. Two of the NRT2 genes, i.e. PpNRT2;1 and PpNRT2;3, had an additional intron in the 5 0 -untranslated region (UTR). The second intron of PpNRT2;3 was found to start with GC but not with GT. Each of the PpNar2 genes had two introns, one conserved in the 5 0 UTR and the other in the coding region.
Comparison of the cDNA and genomic sequences of PpNar2 genes revealed two mRNA species with distinct 5 0 UTR sequences arising from PpNar2;3. The first exon and the intron for the short form (designated S) of mRNA were found to be included in the first intron for the long form (designated L) of mRNA (Fig. 1A) . The 3 0 end-point of the first intron was the same for the two mRNA forms, being located 11 bases upstream from the initiation codon of the PpNAR2 protein. encoded by the two mRNA species are identical. Since the abundance of the L and S forms of PpNar2;3 mRNA changed in essentially the same manner in response to the changes in nitrogen conditions of protonemata (see below), the physiological significance of the existence of two forms of PpNar2;3 mRNA is unclear.
Comparison of the PpNRT2 and PpNar2 nucleotide sequences with the results of the on-going genome sequencing project of P. patens (PHYSCObase; http:// moss.nibb.ac.jp/) showed that PpNRT2;2 and PpNar2;3 were neighboring genes on the genome in a head-to-head orientation (Fig. 1B) . Because of uncertainties in the genome sequence data, it was unclear whether there are linkages between other nitrate transport genes or between the nitrate transport genes and the genes encoding nitrate reductase and nitrite reductase.
Characteristics of the deduced PpNRT2 proteins
The deduced PpNRT2;1, PpNRT2;2, PpNRT2;3, PpNRT2;4 and PpNRT2;5 proteins were 548, 547, 549, 548 and 517 amino acids long, respectively. The amino acid sequences of the PpNRT2 proteins were 58-59% identical with that of AtNRT2;1 (Fig. 2A) . Hydropathy analysis showed that they are hydrophobic proteins with 12 membrane-spanning regions like the plant NRT2 proteins (overlined in Fig. 2A ). The sequence A-G-W/L-G-N-M-G, which is conserved in the fifth membrane-spanning region of the NNP family proteins 
a F and R represent forward and reverse primers, respectively. Fig. 2 Comparison of the amino acid sequences of the deduced NRT2 and NAR2 proteins of P. patens with those of A. thaliana.
(A) Alignment of the PpNRT2 proteins and AtNRT2;1 (GenBank accession No. Z97058) optimized by using Clustal X. The hydrophobic amino acid segments presumed to form membrane-spanning regions are overlined and numbered. The shaded letters indicate the amino acid residues conserved in at least four of the six sequences. The protein kinase C recognition motifs (S/T-X-R/K) are boxed. The triangles indicate the two arginine residues corresponding to those required for nitrate transport by an NRT2 homolog (CRNA, also known as NRTA) of the fungus Aspergillus nidulans. The amino acid signatures conserved in the NNP family proteins and the NRT2 proteins are singly and doubly underlined, respectively. (B) Alignment of the PpNAR2 proteins and the AtNAR2;1 and AtNAR2;2 proteins (GenBank accession Nos. AJ311926 and NM_118605, respectively) optimized by using Clustal X. The predicted membrane-spanning region is overlined. The shaded letters indicate the amino acid residues conserved in at least four of the five sequences. The triangle indicates the aspartate residue shown to be essential for nitrate transport in A. thaliana (Kawachi et al. 2006) . Regulation of nitrate transport genes 487 (Trueman et al. 1996) , was conserved in the five PpNRT2 proteins, although the methionine residue was replaced with a leucine residue in the moss proteins. The G-X 3 -D-X 2 -G-X-R signature of NRT2s (Pao et al. 1998) was conserved between the second and third membrane-spanning regions in the PpNRT2 proteins. The two arginine residues shown to be essential for nitrate transport by CRNA (NRTA) of A. nidulans (Unkles et al. 2004 ), corresponding to Arg115 and Arg332 of AtNRT2;1, were also conserved in the five PpNRT2 proteins. These structural characteristics suggested that the five NRT2 proteins of the moss are involved in active transport of nitrate. Of the five moss NRT2 proteins, PpNRT2;1, PpNRT2;2 and PpNRT2;4 were highly similar to one another; PpNRT2;1 was 95 and 90% identical to PpNRT2;2 and PpNRT2;4, respectively, and PpNRT2;2 was 87% identical to PpNRT2;4. The three PpNRT2 proteins were 69-70% identical to PpNRT2;3 and 66% identical to PpNRT2;5. All the PpNRT2 proteins had a C-terminal hydrophilic region of $70 amino acids, whose sequence was similar to that of the corresponding region of the NRT2 proteins from higher plants and green algae, with the two putative phosphorylation sites found in most of these NRT2s being conserved (S/T-X-R/K, boxed in Fig. 2A ). Another putative phosphorylation site of NRT2, which is conserved in green algal and higher plant NRT2s between the 10th and 11th transmembrane helices (Forde 2000) , was also conserved in all the PpNRT2 proteins. PpNRT2;5 was distinct from the other four PpNRT2 proteins in having a shorter N-terminal hydrophilic region. The N-terminal regions of the four PpNRT2s had a conserved amino acid segment of $20 amino acids, which is found in most higher plant NRT2s, and contains a putative phosphorylation site (boxed in Fig. 2A ). Since it lacks this region, PpNRT2;5 is similar to AtNRT2;5, AtNRT2;7 and the NRT2 proteins from barley and wheat (not shown). In the neighbor-joining tree of NRT2 family proteins (Fig. 3A) , the five PpNRT2 proteins formed a single cluster. The phylogenetic tree also suggested that they are more closely related to the major higher plant NRT2 species than are the green algal NRT2s or the atypical plant NRT2 proteins, i.e. AtNRT2;5, AtNRT2;7 (Orsel et al. 2002b ) and their orthologs in Oryza sativa (Araki and Hasegawa 2006) .
Characteristics of the deduced PpNAR2 proteins
Fig . 2B shows the alignment of the NAR2 proteins of P. patens and Arabidopsis thaliana. The deduced PpNAR2;1, PpNAR2;2 and PpNAR2;3 proteins were 206, 206 and 209 amino acids long, respectively. Similarly to the NAR2 proteins of higher plants and Chlamydomonas reinhardtii, the PpNAR2 proteins had a membranespanning region near their C-termini (overlined in Fig. 2B ). PpNAR2;1 was 77 and 63% identical to PpNAR2;2 and PpNAR2;3, respectively, and PpNAR2;2 was 60% identical to PpNAR2;3. The three P. patens NAR2 proteins were 37-42% identical to AtNAR2;1 and 34-36% identical to AtNAR2;2. The similarity between the PpNAR2 and AtNAR2 proteins was stronger in the middle and C-terminal regions than in the N-terminal region. The PpNAR2 proteins were only 19-22% identical to the NAR2 protein of C. reinhardtii. The aspartate residue corresponding to Asp105 of A. thaliana NAR2;1, which is conserved in the NAR2 proteins of higher plants but not in that of C. reinhardtii, has been recently shown to be essential for nitrate transport in A. thaliana (Kawachi et al. 2006 ). This aspartate residue was conserved in all the deduced NAR2 proteins of P. patens. The phylogenetic tree of the NAR2 proteins also indicated that the moss NAR2 proteins are more closely related to the higher plant NAR2 proteins than to the green algal NAR2 (Fig. 3B ).
Effects of CO 2 conditions on expression of the PpNRT2 and PpNar2 genes
For examination of the effects of nitrogen conditions on the expression of the nitrate transport genes, each of the PpNRT2 and PpNar2 transcripts was analyzed by semiquantitative reverse transcription-PCR (RT-PCR). Liquid media were used for incubation of the protonemal cells, with CO 2 being supplied by aeration of the liquid cultures. Growth of the protonemata in liquid media was accelerated when the air was supplemented with CO 2 , indicating that photosynthesis was limited by CO 2 supply under aeration with ambient air (data not shown). Because expression of the nitrate assimilation genes is affected by the activity of photosynthesis (Lejay et al. 1999 , Rexach et al. 1999 , we first examined the effects of CO 2 conditions on expression of the nitrate transport genes (Fig. 4) . In cultures grown on ammonium, amounts of the transcripts from the nitrate transport genes were negligible irrespective of the CO 2 conditions tested (Fig. 4 , t ¼ 0). Within 1 h of transfer of the protonemata grown on medium containing ammonium as the nitrogen source to medium containing nitrate under high (2%) CO 2 conditions, the PpNRT2;3 and PpNRT2;5 transcripts were detected and within 2 h the transcripts of most of the other genes were detected. Under low (0.035%) CO 2 conditions, accumulation of the transcripts took longer and the expression levels were lower than those observed under high CO 2 conditions. The transcript of PpNRT2;3 was not detected even after a 4 h incubation in nitratecontaining medium. Supply of CO 2 thus strongly enhanced induction of the nitrate transport genes of P. patens, suggesting that the moss has a mechanism to control expression of these genes so that nitrate assimilation is coordinated with photosynthetic CO 2 fixation. We therefore performed all the subsequent analyses under the high CO 2 conditions.
Effects of nitrogen conditions on expression of the PpNRT2 and PpNar2 genes
Fig. 5 compares the effects of various nitrogen conditions on expression of the PpNRT2 and PpNar2 genes. Transcripts were analyzed 4 h after transfer of cells grown on ammonium to medium containing no nitrogen (lanes 1), 1 mM nitrate (lanes 2), 1 mM nitrite (lanes 3) or 1 mM ammonium (lanes 4). In ammonium-containing medium, the amounts of the transcripts were insignificant (lanes 4). When incubated in a medium containing no added nitrogen source, transcripts from all the genes except PpNRT2;5 were detected (lanes 1), showing that transcription of these genes does not require the presence of nitrate. In nitrite-containing medium, significant amounts of the transcript were detected only for PpNRT2;5 (lanes 3). In nitrate-containing medium, transcripts from all of the genes, including that of PpNRT2;5, were detected (lanes 2). Thus, PpNRT2;5 seemed strictly to require nitrate or nitrite for its expression. The levels of the PpNRT2;3, PpNRT2;5 and PpNar2;2 transcripts were much higher in nitratecontaining medium than in nitrogen-free medium, demonstrating a positive effect of nitrate on gene expression. There was a smaller difference in the levels of the transcripts of other genes in the presence or absence of nitrate: Nitrate increased the levels of the transcripts from PpNRT2;1, PpNRT2;4 and PpNar2;1 by about 2-fold, while decreasing the levels of the transcripts from PpNRT2;2 and PpNar2;3 by 2-fold. It was unclear at this stage of investigation whether the decrease was due to the effect of nitrate itself or to negative feedback caused by nitrate assimilation.
Role of glutamine in ammonium-promoted regulation of the nitrate transport genes Fig. 6A shows the effects of ammonium and the inhibitors of GS and glutamate synthase (GOGAT) on expression of the PpNRT2 and PpNar2 genes. When both Fig. 3 Phylogenetic analysis of the deduced NRT2 and NAR2 proteins. Sequence alignments and phylogeny analysis were performed using Clustal X, and the phylogenetic trees were displayed using TREEVIEW. (A) A neighbor-joining tree based on the amino acid sequences of the NRT2 proteins from P. patens, Chlamydomonas reinhardtii, Chlorella sorokiniana, Arabidopsis thaliana, Nicotiana plumbaginifolia, Oryza sativa and Hordeum vulgare, and the related nitrate transporters from the fungus Aspergillus nidulans and the yeast Hansenula polymorpha. The GenBank accession numbers of the sequences included in the analysis were CrNRT2;1, Z25438; CsNTR, AY026523; AtNRT2;1, Z97058; AtNRT2;2, AF019749; AtNRT2;3, NM_125471; AtNRT2;4, NM_125470; AtNRT2;5, NM_101165; AtNRT2;6, NM_114375; AtNRT2;7, NM_121461; NpNRT2;1, Y08210; OsNRT2;1, AB008519; OsNRT2;3, NM_192236; OsNRT2;4, NM_193361; HvNRT2;1, U34198; HvNRT2;2, U34290; AnNRTA, U34382; and HpYNT1, Z69783. (B) A neighbor-joining phylogenetic tree based on the predicted amino acid sequences of the NAR2 proteins from P. patens, C. reinhardtii, A. thaliana, Glycine max, Medicago truncatula, Solanum lycopersicum, Solanum tuberosum, Capsicum annuum, O. sativa and H. vulgare. The GenBank accession numbers of the sequences included in the analysis were CrNAR2, BQ824575/BU648202; AtNAR2;1, AJ311926; AtNAR2;2, NM_118605; GmNAR2, BQ296781/AW348945; MtNAR2, BG448412; SlNAR2, BF113833; StNAR2, BM109240; CaNAR2, AF492634; OsNAR2;1, XM_466530; OsNAR2;2, XM_472903; HvNAR2;1, AY253448; HvNAR2;2, AY253449; and HvNAR2;3, AY253450.
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ammonium and nitrate were present in the medium, expression levels of the nitrate transport genes were as low as those in the medium containing ammonium as the sole nitrogen source (Fig. 6A , lanes 2 and 3), indicating that the negative effect of ammonium over-rides any positive effect of nitrate. The effect of ammonium was abolished when L-methionine D, L-sulfoximine (MSX), an inhibitor of GS, was present (Fig. 6A , lanes 4). Ammonium thus exerts its effect through its assimilation to glutamine, indicating that either glutamine production or glutamate consumption is important for the repression of gene expression. Addition of 5-diazo-6-oxo-L-norleucine (DON), an inhibitor of various glutamine amidotransferases including GOGAT, did not affect the negative effect of ammonium on gene expression (Fig. 6A , lanes 5), showing that transfer of the amide N of glutamine to other compounds is not required for the repression of the genes. When DON was added in addition to MSX, it counteracted the effect of MSX (Fig. 6A, lanes 6 ). These observations suggested that one of the two intermediates of the GS-GOGAT cycle, namely glutamine or glutamate, acts as the signal for regulation of the nitrate transport genes. Fig. 6B compares the cellular glutamate and glutamine contents 4 h after transfer of cells grown on ammonium to the media shown in Fig. 6A . The content of glutamate was about 1 mmol g FW -1 and hardly changed. In contrast, the glutamine content of the cells changed with the nitrogen condition. In nitrate-containing medium, the glutamine content was 14 mmol g FW -1 [ Fig. 6B (1) ]. In ammoniumcontaining medium, it was about 20 mmol g FW -1
, irrespective of the presence or absence of nitrate [ Fig. 6B (2, 3) , Fig. 6B (5, 6) Fig. 4 Effects of CO 2 conditions on induction of the NRT2 and Nar2 genes. Protonemata grown on ammonium (10 mM)-containing solid medium were suspended in ammonium (5 mM)-containing liquid medium. The suspension was separated into two portions, one of which was cultivated for 16 h under aeration with ambient air containing 0.035% (v/v) CO 2 and the other under aeration with CO 2 -enriched air containing 2% CO 2 . The low and high CO 2 -grown protonemata were subsequently collected by filtration, washed with nitrogen-free medium, transferred to nitratecontaining liquid medium and incubated under otherwise the same conditions as before. Total RNA was extracted from the cultures at the indicated time points after the transfer to nitrate-containing medium, and the transcripts of the nitrate transport genes and the ubiquitin gene were amplified by RT-PCR. The PCR products were electrophoresed on a 1.1% (w/v) agarose gel, transferred to nylon membranes, hybridized with each specific DNA probes labeled with 32 P, and the radioactivity was detected by an autoradiogram on X-ray film. Similar results were obtained in the two experiments performed using independent cultures, and the data from one experiment are shown. . Thus, there was a good correlation between the cellular glutamine content and the expression levels of the nitrate transport genes: when the glutamine content was 20 mmol g FW -1 or higher, repression of the nitrate transport genes is obvious (Fig. 6A) . These results indicated that glutamine plays a key role in repression of the nitrate transport genes.
Biphasic response of the nitrate transport genes to nitrate in the absence of ammonium fixation During assimilation of nitrate and nitrite, reduction of the substrates results in formation of ammonium, which suppresses the expression of the nitrate assimilation genes. We therefore determined the effects of nitrate and nitrite in the presence of MSX to avoid the effect of negative feedback (Fig. 7) . Cells grown on ammonium were transferred to media containing 1 mM nitrate or 1 mM nitrite to induce gene expression. In a control experiment, cells were transferred to a medium containing no nitrogen source. MSX was added to these media to abolish the negative effect of ammonium generated internally from nitrite or nitrate, or from intracellular nitrogen reserves. A portion of the ammonium-grown cells was also transferred to a medium containing nitrate but no MSX in order to evaluate the effect of the negative feedback during adaptation to nitrate-containing medium.
The transcript levels of ammonium-grown cells transferred to the N-deprived medium supplemented with MSX were generally low (Fig. 7B, circles) . The PpNRT2;3 and PpNar2;1 transcript levels were very low (Fig. 7A, B , panels c and f) and the PpNRT2;5 transcript was practically undetectable (Fig. 7A, B , panels e). The transcript levels in nitrogen-free medium without MSX were about twice those in the presence of MSX, but even in the absence of MSX, the PpNRT2;5 transcript was undetectable (data not shown). In the medium containing nitrate and MSX, P. patens cells accumulated large amounts of transcripts from all the nitrate transport genes, demonstrating a strong positive effect of nitrate on expression of the genes (Fig. 7B,  diamonds) . Transcripts from all the genes except PpNRT2;5 accumulated in a similar manner, showing two distinct phases of gene expression (Fig. 7B, diamonds) ; the transcript levels reached a maximum at 2-4 h after the Nar2;1
Regulation of nitrate transport genes transfer of the cells from ammonium-containing medium to the medium containing MSX plus nitrate, declined to reach a minimum at 6 h, and thereafter rose again to a high level at 8 h after transfer. The pattern of the first phase of gene expression resembled that in the nitrate medium with no added MSX (Fig. 7B, squares) . In the absence of MSX, the second phase of gene expression was absent (PpNRT2;1, PpNRT2;2, PpNRT2;4 and PpNar2;3) or unclear (PpNRT2;3, PpNar2;1 and PpNar2;2). This was ascribed to negative feedback caused by assimilation of the ammonium that resulted from nitrate reduction. Nitrite could not activate the genes other than PpNRT2;5 within 6 h of incubation (Fig. 7B, triangles) . However, it stimulated accumulation of the transcripts from all the nitrate transport genes in 8 h, in a manner similar to that of the second phase of nitrate-induced accumulation of the respective transcript. These results suggested that the second phase of the response to nitrate is stimulated by the nitrite generated by reduction of nitrate.
In the nitrate medium containing no MSX, the PpNRT2;5 transcript retained a high level up to 12 h after the transfer from the ammonium-containing medium, suggesting that expression of PpNRT2;5 is not subject to the feedback regulation caused by assimilation of the internally generated ammonium. Although the accumulation of the PpNRT2;5 transcript was not clearly biphasic even in the presence of MSX (Fig. 7B, panel e, diamonds) , nitrite-induced accumulation of the transcript was evident within 8 h (Fig. 7B, panel e, triangles) , indicating the occurrence of the second phase of gene induction. PpNRT2;5 was also distinct from the other genes in its early response to nitrite; accumulation of the transcript was observed within 1 h of incubation in the medium containing both nitrite and MSX. Thus, nitrite rapidly and specifically induced expression of PpNRT2;5.
Discussion
In this study, we cloned and characterized five NRT2 cDNAs from the protonema of P. patens along with corresponding genomic regions. This is the first report of characterization of the NRT2 genes from a bryophyte. Similar to other NRT2s identified in higher plants and green algae, the deduced moss NRT2 proteins have a large hydrophilic C-terminal domain carrying two conserved protein kinase C recognition motifs (S/T-X-R/K) ( Fig. 2A) . By phylogenetic analysis and ProDom analysis, two of the seven NRT2s of A. thaliana, i.e. AtNRT2;5 and AtNRT2;7, have been shown to be more similar to fungal NRTs than the others (Orsel et al. 2002b , see also Fig. 3A) . Compared with these atypical NRT2s and their orthologs in rice (OsNRT2;3 and OsNRT2;4), and also with the green algal NRT2s, the moss NRT2 proteins are more closely related to the typical NRT2 species of higher plants (Fig. 3A) . Judging from the neighbor-joining tree, the moss NRT2s and the typical plant NRT2s comprise a clade representing the land-plant-type NRT2s. Most of these NRT2s, including four of the five moss NRT2s (Fig. 2A) , have a conserved N-terminal sequence carrying a protein kinase C recognition motif (Forde 2000) . Its absence in algal NRT2 proteins suggests that the prototype of the land-plant-type NRT2 acquired this sequence during the course of evolution. It is deduced that subsequent loss of the N-terminal region in different lineages gave rise to PpNRT2;5 and the NRT2s of barley and wheat. The atypical plant NRT2s including AtNRT2;5 and AtNRT2;7 also lack the conserved N-terminal sequence, but this does not indicate evolutionary relatedness of these proteins to PpNRT2;5 or to the barley and wheat NRT2s.
In the organisms that perform nitrate assimilation, expression of the genes involved in nitrate assimilation is activated by addition of nitrate and is inhibited by addition of ammonium to the medium , Pe´rez et al. 1997 , Krapp et al. 1998 , Zhuo et al. 1999 , Vidmar et al. 2000 , Unkles et al. 2001 . In the present study with P. patens, exogenously added ammonium was shown to inhibit completely the expression of the nitrate transporter genes even in the presence of nitrate (Fig. 6A,  lane 3) . The over-riding effect of ammonium on nitratepromoted activation, which also occurs in cyanobacteria (Suzuki et al. 1993 ) and the green alga C. reinhardtii , is in contrast to the modest effect of ammonium in A. thaliana. The amount of AtNRT2;1 transcript has been shown to be lower in the medium containing both nitrate and ammonium than in that containing nitrate but not ammonium, although the accumulation of the transcript was not suppressed completely (Zhuo et al. 1999) . The marked effect of ammonium in P. patens is, however, not due to the effect of ammonium per se, because its effect is abolished in the presence of MSX (Fig. 6A, lane 4) . The effects of MSX and DON on the mRNA levels of nitrate transporter genes and cellular glutamate and glutamine contents showed that in P. patens, glutamine is the signaling metabolite that leads to repression of the NRT2 and Nar2 genes (Fig. 6 ). This contrasts with the role of ammonium as well as glutamine Fig. 7 Effects of nitrate and nitrite on expression of NRT2 and Nar2 genes in the presence of MSX. Protonemata grown on ammoniumcontaining medium were inoculated into liquid media supplemented with MSX alone, MSX plus nitrite, MSX plus nitrate or nitrate alone. Total RNA was extracted from the protonemal cultures at the indicated time points for determination of the transcripts of the nitrate transport genes by semi-quantitative RT-PCR. (A) An autoradiogram on X-ray film. (B) The results quantified and plotted relative to the maximal expression level of each gene after normalization for the signal intensity of the transcript for ubq1.
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in down-regulation of the NRT2 genes in higher plants (Zhuo et al. 1999 , Vidmar et al. 2000 . Because significant amounts of NRT2 transcripts (NRT2;5 excluded) were detected in cells incubated in nitrogen-free medium (Fig. 5) , nitrate is not essential for expression of the genes. Thus expression of the NRT2 and Nar2 genes can be activated by de-repression. However, a strong positive effect of nitrate on the PpNRT2 and PpNar2 genes was demonstrated using MSX-treated protonemal cultures (Fig. 7) . The use of MSX also revealed the biphasic nature of the response of the nitrate transport genes to nitrate (Fig. 7B, diamonds) . The second phase of expression of these genes, which becomes manifest after 8 h of incubation in nitrate-and MSX-containing medium, is not observed in the absence of MSX (Fig. 7B, squares) , indicating that it is subject to the feedback inhibition caused by assimilation of the internally generated ammonium. Because it is stimulated by nitrite as well as nitrate (Fig. 7B, triangles) , nitrate may be reduced to nitrite to activate gene expression. Unlike the second phase, the first phase of gene expression is stimulated only by nitrate. It should also be noted that the first phase of expression of the PpNRT2 and PpNar2 genes terminates within 6 h in the presence as well as in the absence of MSX, indicating that the termination does not require the feedback regulation. These findings suggest that the two phases of expression of the nitrate transport genes in P. patens involve distinct mechanisms for sensing of nitrate and regulation of gene expression. It is currently unknown whether the nitrate transporter genes of plants and algae show a multiphasic response to nitrate. The effects of prolonged incubation with nitrate and nitrite need to be determined in these organisms without allowing for assimilation of the intracellularly generated ammonium.
A biphasic expression pattern of nitrate assimilation genes was previously observed in C. reinhardtii in nitrogenfree medium, although no particular attention was paid to the second phase of gene expression : transient accumulation of the mRNA was observed within 2 h after the transfer of ammoniumgrown cells to N-free medium, which was followed by a slow increase of the mRNA level. The initial accumulation of mRNA was later deduced to be a result of an intracellular accumulation of nitrate from the 'N-free medium', which presumably contained a submicromolar concentration of nitrate, and the subsequent decline in the mRNA level was ascribed to consumption of the intracellular nitrate through assimilation (Llamas et al. 2002) . The biphasic gene expression in P. patens is distinct from that in C. reinhardtii, because it is observed in the presence of substantial amounts of nitrate in the medium and the second phase depends on the presence of nitrate or nitrite (Fig. 7) .
Nitrite as well as nitrate induces expression of the NRT2 genes in Hordeum vulgare (Vidmar et al. 2000) and C. reinhardtii , Rexach et al. 1999 but not in A. thaliana (Zhuo et al. 1999 , Loque´et al. 2003 . Thus the effect of nitrite on NRT2 gene expression is not universal and has remained enigmatic. It has been argued that the positive effect of nitrite on nitrate assimilation genes in C. reinhardtii might be ascribed to nitrate that contaminates the nitrite solution (Llamas et al. 2002) . The present study showed that nitrite activates specifically PpNRT2;5 in the early phase of gene induction. The other genes responded to nitrite in the later phase of gene induction but not in the early phase (Fig. 7) . These results indicate that the response to nitrite is not due to contaminating nitrate. It is deduced that P. patens has mechanisms regulating the gene-specific or phase-specific response to nitrite.
In the cyanobacterium Synechococcus elongatus PCC 7942, nitrite produced by reduction of nitrate activates the nitrate assimilation genes, presumably as a co-inducer of a LysR family transcription factor NtcB (Aichi and Omata 1997) . In media containing sufficient amounts of nitrate for growth, however, the positive effect of NtcB and nitrite is masked by the negative feedback caused by assimilation of the internally generated ammonium. Positive regulation was found to be required for expression of high activities of nitrate assimilation enzymes during growth under nitrate-limited conditions, where the negative feedback is insignificant (Aichi et al. 2004 ). The positive regulation mechanism thus functions as a booster to activate the nitrate assimilation genes selectively in the presence of limiting amounts of nitrate in the environment. The nitrate-and nitrite-responsive activation of the nitrate transport genes found in MSX-treated P. patens cells may also have such a physiological role, becoming manifest when growth is limited by the supply of nitrate.
Genes encoding NRT, NR and NiR are organized into an operon(s) in prokaryotes , Lin et al. 1994 and are clustered on the genome in lower eukaryotes including A. nidulans, Hansenula polymorpha and C. reinhardtii (Johnstone et al. 1990 , Quesada et al. 1993 , Pe´rez et al. 1997 . There is no known clustering of the nitrate assimilation genes in higher plants except for the linkages of the AtNRT2;1 and AtNRT2;2 genes and the AtNRT2;3 and AtNRT2;4 genes, which appear to have arisen from gene duplication (Orsel et al. 2002a) . The linkage of PpNRT2;2 and PpNar2;3 genes (Fig. 1B) is therefore unique among land plants. The expression profiles of the PpNRT2;2 and PpNar2;3 genes are essentially the same under various nitrogen and CO 2 conditions (Figs. 4-7) , indicating operation of tightly coordinated regulation. The PpNRT2;5 gene differs from the other NRT2 and Nar2 genes in its response to nitrogen conditions in several respects; it strictly requires the presence of nitrate or nitrite for expression (Fig. 5) ; compared with the other genes, PpNRT2;5 appears to be less susceptible to the feedback regulation caused by assimilation of ammonium (Figs. 6, 7) ; and among the PpNRT2 and PpNar2 genes, PpNRT2;5 is specifically and sharply induced by nitrite (Fig. 7) . Although the mechanistic basis for these differences is unknown, the early response of PpNRT2;5 to nitrite and the two temporarily distinct phases of nitrate-, and nitrate-and nitrite-responsive gene expression indicate that P. patens has at least three distinct mechanisms for sensing nitrate and nitrite.
Materials and Methods
Plant material and culture conditions
Protonemata of P. patens subsp. patens were routinely grown under continuous illumination provided by fluorescent lamps on P medium, containing 10 mM KNO 3 and 5 mM ammonium tartrate as the nitrogen source, and solidified with 0.8% (w/v) agar (Sakakibara et al. 2001) . Media containing different nitrogen sources were prepared by modification of the P medium as follows. Nitrate-containing solid medium and ammonium-containing solid medium were prepared by omitting ammonium tartrate and KNO 3 , respectively, from the P medium. Nitrogen-free liquid medium was prepared by omitting KNO 3 , ammonium tartrate and agar from the P medium. Ammonium-, nitrite-and nitratecontaining liquid media were obtained by addition of 0.5 or 2.5 mM (NH 4 ) 2 SO 4 , 1 mM NaNO 2 and 1 mM KNO 3 , respectively, to the nitrogen-free medium. Supply of 1 mM nitrite did not cause any deleterious effect on the protonemal cultures. KCl was added to adjust the potassium concentration of the media to 11.8 mM.
Cultures on the solid media were maintained at 258C under illumination of 40 mE m -2 s -1
. Liquid cultures were grown at 308C under illumination of 70 mE m -2 s -1 with continuous aeration with air containing 2% (v/v) CO 2 unless otherwise stated.
For examination of the effects of various nitrogen conditions on expression of the nitrate transport genes, protonemata grown for 6 d on ammonium-containing solid medium were transferred to ammonium (5 mM)-containing liquid medium and cultivated for 16 h. The protonemata were subsequently collected by filtration, washed with nitrogen-free liquid medium, inoculated into liquid media containing various nitrogen sources and incubated under otherwise the same conditions as before. Total RNA was extracted from the protonemata, and the changes in the abundance of the transcripts of the nitrate transporter genes were analyzed by semi-quantitative RT-PCR.
DNA and RNA isolation, library construction and screening
Genomic DNA of P. patens was isolated from protonemata cells by the cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson 1980) . For isolation of mRNA for preparation of a cDNA library, protonemata grown on the P medium were transferred to solid medium containing nitrate as the sole nitrogen source to induce expression of the genes involved in nitrate assimilation. After a 4 h cultivation on the nitratecontaining medium, total RNA was extracted according to the method of Chomczynski and Sacchi (1987) , and poly(A) þ RNA was purified using the PolyATract mRNA Isolation System (Promega, Madison, WI, USA). The cDNA library was constructed using a SMART TM PCR cDNA Synthesis Kit (Clontech, Mountain View, CA, USA) and Gigapack III Gold Packaging Extract (Stratagene, La Jolla, CA, USA). About 4 Â 10 4 recombinant phage plaques were transferred onto a nylon membrane (Hybond Nþ, GE Healthcare Bio-Sciences, Piscata-way, NJ, USA). Hybridization with 32 P-labeled gene-specific probes and washing were performed as described by Imamura et al. (1998) . The positive clones were purified and converted to pTriplEx2 derivatives by in vivo excision, and the resulting plasmids were sequenced to determine the cloned cDNA sequences.
Cloning of PpNRT2 genes
A fragment of NRT2 cDNA was obtained from the total RNA preparation isolated from nitrate-induced P. patens protonemata by RT-PCR, using degenerated primers designed for the two amino acid sequences conserved in higher plant NRT2 proteins: GWGNMGGG in the fifth transmembrane domain and FPQWGSM in the 12th transmembrane domain. A 0.8 kbp fragment thus obtained was cloned and found to encode an amino acid sequence 56% identical to the Arabidopsis NRT2;1 protein. The cDNA sequence containing the entire coding region was obtained by a combination of 3 0 -RACE (rapid amplification of cDNA ends) and screening of the cDNA library, and shown to encode a protein 58% identical to AtNRT2;1. The gene corresponding to this cDNA was designated PpNRT2;1. Using another set of primers specific for PpNRT2;1, a fragment of a second NRT2 gene (designated PpNRT2;2) was amplified from genomic DNA in addition to a PpNRT2;1 fragment. Inverse PCR using EcoRI-digested genomic DNA was performed to obtain the sequence of the 3 0 portion of PpNRT2;2. A cDNA for PpNRT2;2 was obtained by screening of the cDNA library using a probe specific to the 3 0 UTR of the gene. A cDNA for a third NRT2 gene, PpNRT2;3, was obtained by screening of the cDNA library with a 828 bp probe corresponding to nucleotides 613-1440 of the PpNRT2;1 coding region. Inverse PCR using a PpNRT2;1-specific primer pair amplified a 1 kbp fragment of the fourth NRT2 gene, PpNRT2;4, as well as a 2 kbp fragment of PpNRT2;1, from SphIdigested and circularized genomic DNA fragments. PpNRT2;4 cDNA was subsequently obtained by RT-PCR. The cDNA for the fifth NRT2 gene, PpNRT2;5, was identified as the clone BJ196909 in the P. patens expressed sequence tag (EST) database (PHYSCObase; http://moss.nibb.ac.jp/). This cDNA sequence was 639 bp long, lacking the 3 0 portion. A full-length PpNRT2;5 cDNA was obtained by screening of the cDNA library, using a probe specific to the 5 0 UTR of the gene. Genomic DNA fragments of the five NRT2 genes were amplified by PCR and sequenced. The GenBank accession numbers of these genes are listed in Table 1 .
Cloning of PpNar2 genes
Using the deduced amino acid sequence of Arabidopsis NAR2;1 (accession No. AJ311926) as the query sequence for the search for similar sequences, we found five cDNA sequences in the P. patens EST database (BJ195133, BJ205476, BJ196107, BJ193086 and BJ197129), two of which (BJ195133 and BJ205476) overlapped each other. Each of the four independent sequences contained a putative initiation codon but not the termination codon. Because the deduced amino acid sequences predicted from these sequences were about 30% similar to the N-terminal portion of AtNAR2;1, we identified them as the cDNAs of the putative Nar2 genes in P. patens and named them NAR2c1 (BJ195133/BJ205476, 630 bp), Regulation of nitrate transport genesNAR2c2 (BJ196107, 558 bp), NAR2c3 (BJ193086, 611 bp) and NAR2c4 (BJ197129, 491 bp). Although the 5 0 UTRs of NAR2c3 and NAR2c4 were completely different, their coding sequences were identical. Screening of the cDNA library with a 527 bp probe specific for the coding region of NAR2c3 resulted in isolation of the cDNAs containing the entire coding regions of NAR2c1, NAR2c2 and NAR2c3, but not that of NAR2c4. Using the primers specific to the 5 0 and 3 0 ends of the cDNAs, the genomic DNA sequences were amplified and determined. One intron was conserved in the coding region and another in the 5 0 UTR of all the Nar2 genes of P. patens (Fig. 1A) . The first exon and the first intron of the gene for NAR2c4 were found to be included in the first intron of the gene for NAR2c3. Also, the other exons and intron of NAR2c3 and NAR2c4 were identical, indicating that the mRNA species corresponding to NAR2c3 and NAR2c4 were transcribed from the same gene. This hypothesis was confirmed by the results of genomic Southern blot analysis using a probe specific for the coding regions of NAR2c3/NAR2c4, which showed a single strongly hybridizing band (data not shown). Thus, three homologs of Nar2 genes, designated PpNar2;1 (corresponding to NAR2c1), PpNar2;2 (corresponding to NAR2c2) and PpNar2;3 (corresponding to NAR2c3 and NAR2c4), exist in P. patens, and two different mRNAs, a long form (designated L, corresponding to NAR2c3) and a short form (designated S, corresponding to NAR2c4), were transcribed from PpNar2;3 (Fig. 1A) . The GenBank accession numbers of these genes are listed in Table 1 .
Semi-quantitative RT-PCR analysis
Total RNA was extracted using an RNeasy Plant Mini Kit (QIAGEN, Valencia, CA, USA) according to the manufacturer's instructions. Total RNA concentrations were determined by UV spectrophotometry. First-strand cDNAs were reverse-transcribed by an oligo(dT) primer using the SuperScript III First-Strand System for RT-PCR (Invitrogen, Carlsbad, CA, USA). An aliquot of the first-strand cDNA mixture, obtained from 20 ng of total RNA, was used as a template for the PCR (40 ml total volume), using 1.5 U of Taq polymerase (ExTaq, TAKARA SHUZO CO., LTD, Ohtsu, Shiga, Japan). The gene-specific primers were designed to produce 1, 072, 1, 034, 1, 089, 1, 076, 1, 307, 894, 779, 995, 981 and 608 bp DNA fragments from the cDNAs of PpNRT2;1, PpNRT2;2, PpNRT2;3, PpNRT2;4, PpNRT2;5, PpNar2;1, PpNar2;2, the L and S forms of the PpNar2;3 cDNA and the Ppubq1 cDNA used as an internal control, respectively (Table 1) . Each primer set would produce a larger DNA fragment from genomic DNA because of the presence of intron sequences, allowing detection of contamination by genomic DNA. The amount of template cDNA and the number of PCR cycles were determined by preliminary experiments and listed in Table 1 . The amplified DNA fragments (10 ml of each reaction) were separated on a 1.1% (w/v) agarose gel and blotted onto a nylon membrane (Hybond Nþ, GE Healthcare Bio-Sciences). The blot was hybridized with 32 P-labeled cDNA probes, obtained by amplification from the corresponding cDNA clones. Hybridization was performed according to the protocols of Imamura et al. (1998) , and the 32 P signals were detected by an autoradiogram on X-ray film and quantified by means of a Bio-Image Analyzer (BAS2500, Fuji Photo Film, Tokyo, Japan).
Determination of internal glutamine and glutamate content
Physcomitrella patens protonemata were frozen in liquid N 2 , weighed, ground into a powder in a mortar with a pestle, and then centrifuged after addition of 500 ml of 10 mM acetate buffer (pH 6.5). The supernatant was collected and the debris was removed by filtration through the Spin-x centrifuge tube filter (Corning Incorporated, Lowell, MA, USA). Glutamine and glutamate concentrations in the filtrate were measured using a flow-injection analyzer equipped with enzyme electrodes coated with glutamate dehydrogenase and glutaminase sensor (Biosensor BF-4D, Oji Scientific Instruments, Amagasaki, Hyogo, Japan).
